Abstract-Current alignment of transtibial prostheses is based on the prosthetist's subjective opinion and on trial and error fittings. The adaptors used to align prostheses are inexact, time-consuming to operate, and do not allow height adjustment. The primary objectives of this design project were to 1) develop an alignment adaptor that allows a prosthetist to quickly and effectively align the device based on a patient's gait and stance, and 2) provide the ability to quantify the patient's specific alignment. Using computer aided design (CAD), finite element analysis (FEA), and computer aided manufacturing (CAM), a new alignment adaptor was designed and manufactured using a novel pin configuration that allows for independent height adjustment. The prototype will be tested in a prosthetist's office using two AMTI AccuSway force platforms to measure the forces, moments, and center of pressure distributions during stance and gait. Results will be used to compare three situations on each patient: no alignment, alignment with gold standard device, and alignment with new prototype. Additionally, surveys will be conducted of the prosthetist and patient to obtain qualitative feedback. The design is innovative in its quantization and height adjustment, and results of the testing are expected to show improvement over current adaptors.
I. INTRODUCTION
The number of amputations conducted annually in the United States is growing rapidly and is estimated to double by 2050 [1] . While the number of patients requiring prosthetic care is increasing, there is a substantial lack of prosthetists to cater to the need [2] . Due to such a lack of trained and certified prosthetists, it is extremely important for the prosthetist to be efficient with the prosthetic therapy and to maximize the number of patients they see. However, there are many parts of the prosthetic fitting procedure that are still time-consuming and crude, one of which is the alignment process.
Aligning the transtibial prosthesis is one of the most important parts of the fitting process in order to avoid injury or discomfort to the patient.
Misalignment can result in asymmetric gait, causing the patient to place more load on one leg than the other [3] . Over time, this leads to damage in the healthy leg. Other complications of improper alignment include pain, slow movement, instability, incorrect posture, and high-risk stresses on hips, knees and ankles [4] .
The current gold standard alignment adaptor, the Fillauer Slide Unit allows for translation adjustments in the mediolateral and anteroposterior axes, and angular adjustment about all three axes, the third axis being the proximal-distal axis. However, the only way to adjust the proximal-distal distance, or height, of the prosthesis is to cut the pylon with pipe cutters or to acquire a longer pylon. This is a relatively time-consuming process that reduces the face-time between the prosthetist and patient.
During the actual fitting process, the prosthetist determines the proper alignment by observing how the patient stands and walks. Once the alignment is made, however, there is no way of quantifying the setting. Therefore, making precise adjustments or resetting the adaptor to a specific position is very difficult and time-consuming. Thus, there is a great need to optimize the alignment adaptor in order to increase precision and maximize efficiency. This need was addressed by designing a more efficient and quantitative prosthetic alignment adaptor, which possesses better functionality, increased adjustability, and allows the prosthetist to spend more time with their patients.
II. METHODS
First, an extensive literature review and patent search were conducted in order to understand both the drawbacks of current devices and the relevant mechanics of the human body. Several ideas that circumvented the previously mentioned flaws in current designs were developed for each type of alignment: linear, angular, rotational, and height. They were then ranked according to the established objectives, including performance, safety, ease of use, reliability, and cost. Based on these rankings, preliminary designs were created by bringing together the highest ranked components within each type of alignment type.
The design went through various evaluation processes in order to ensure that it was the most optimal design. It was first modeled in SolidWorks™ and then rapid-prototyped out of ABS plastic. The design was analyzed and presented to the prosthetist and a prosthetic technician.
Primary concerns identified in the first prototype were a need for precise tolerancing, a redesign of the height adjustment to eliminate redundant degrees of freedom, and a decrease in the overall bulkiness of the model. The feedback was taken into consideration and incorporated into the second round of design.
In order to optimize the shape and strength of the second design, finite element analysis was conducted on the SolidWorks™ model. First, the appropriate loading had to be determined. The AMTI AccuSway force plate was used to collect ground reaction forces and moments along the x-, y-, and z-axes during a light jog. The results were validated by literature findings. This loading was then used to identify the areas of high stress concentration in the device. These areas were remodeled in further design iterations to eliminate unnecessary stress concentrations.
The working prototype is in the process of being machined from aluminum with CNC machines in the WPI Machine Shop. Once manufacturing is complete, the device will be taken to the prosthetist's office and tested on patients.
During the testing procedure, the patient will first be asked to stand and walk on two AMTI AccuSway force platforms using his/her current prosthesis. Subsequently, the prosthetist will begin fitting the patient with the Fillauer Slide Unit. The process will be timed beginning when the patient removes the prosthesis and ending when proper alignment is achieved, as determined by the prosthetist. Once the procedure is complete, the patient will be required to stand and walk on the force platforms again. The prosthetist will then re-fit the patient using the new prototype. Similarly, the patient will stand and walk on the two force platforms at the end of the second fitting.
At the completion of both fitting procedures, the prosthetist and the patient will be questioned through surveys. The questions will be geared towards finding whether the new prototype was better than the current gold standard device in terms of quantization and time consumption. Additionally, statistical analysis will be conducted based on the force platform data once patient testing is complete.
III. FINAL DESIGN
The design for the new alignment adaptor allows for rotational, height, linear, and angular adjustment.
A SolidWorks™ model of the device is depicted in Fig. 1 .
Fig. 1. Exploded view of the conceptual design of the new alignment adaptor.
The top-most component, Module A, is a 4-screw socket attachment plate. This is a standard method of attaching the adaptor to the residual limb socket. The second piece, Module B, attaches to Module A with three set screws that join the two circular regions. This allows for rotational adjustment about the proximal-distal axis of the leg. The two square units, Modules B and C, allow the height to be adjusted at 1/16" resolution and across a 15/16" range. For all linear motion, the design incorporates a pin fastener and holes to restrict motion to a single axis. The distal side of Module C, all of Module D, and the proximal side of Part E together allow for translation along the x-(lateromedial) and y-(anteroposterior) axes. They translate along a dovetail configuration with offset holes to allow a 1/8" spacing interval across a 2" range. The lower portion of Part E uses an inverted pyramid, or frustopyramid, shape, which is the gold standard method of attaching the adaptor to a pylon to provide angular adjustment. This frustopyramid design was adapted from the Fillauer Slide Unit.
IV. RESULTS
Measurements from the timing of the two procedures will indicate whether the new prototype provides for faster alignment than the gold standard device. Also, answers from the prosthetist and patient surveys will give qualitative feedback on the device.
Data from the two force platform measurements will provide the magnitude and location of forces, moments, and center of pressure on both the patient's residual limb and sound limb. Through free body diagram analysis, the estimated loading at points where the device comes into contact with the residual limb can be calculated. Findings will indicate whether alignment achieved by the new prototype is comparable or better than that of the gold standard device during standing and walking. These results will also reveal how the presence of alignment affects the gait and stance of the patient by comparing the use of the two devices to their current prosthesis. Specifically, reduced loading on the residual limb when an adaptor is used would indicate that proper alignment was achieved.
V. DISCUSSION AND CONCLUSIONS
The design fulfills all the functions of an alignment adaptor from a conceptual design point of view. Additionally, the two square modules (B & C) provide for height adjustment, a characteristic lacking in current adaptors. Furthermore, quantitative alignment is provided because of the identifiable locations for the pins and the screws on the device. Results from patient testing will not only lead to a design that meets the standards set for transtibial prosthetic devices, but also improves the ease of use for both prosthetists and patients. The force platform data are expected to prove that the new prototype achieves proper alignment more efficiently than the current gold standard device. The final prototype of the adaptor will fulfill the need for an optimized, quantitative means of alignment. Its simple design, which utilizes pins as a holding mechanism, enables manufacturers to produce these quantitative adaptors quickly, easily and inexpensively. The introduction of such a device to the field of prostheses would not only benefit the prosthetists and patients, but also bring a new level of scientific quantization to a field that is constrained by subjectivity.
